The application of resonant magnetic perturbations (RMPs) with a toroidal mode number of n=3 to connected double null plasmas in the MAST tokamak produces up to a factor of 9 increase in Edge Localized Mode (ELM) frequency and reduction in plasma energy loss associated with type-I ELMs. A threshold current for ELM mitigation is observed above which the ELM frequency increases approximately linearly with current in the coils. The effect of the RMPs is found to be scenario dependent. In one scenario the mitigation is only due to a large density pump out event and if the density is recovered by gas puffing a return to type I ELMs is observed. In another scenario sustained ELM mitigation can be achieved irrespective of the amount of fuelling. Despite a large scan of parameters complete ELM suppression has not been achieved. The results have been compared to modelling performed using either the vacuum approximation or including the plasma response. The requirement for a resonant condition, that is an optimum alignment of the perturbation with the plasma, has been confirmed by performing a scan in the pitch angle of the applied field. 
Introduction
The control of Edge Localised Modes (ELMs) during high confinement (H-mode) operation of future fusion tokamaks is essential in order to ensure an acceptable lifetime for plasma facing components [1] . Amongst the various methods considered, the application of non-axisymmetric magnetic perturbations has been intensively studied in a range of devices (for example DIII-D [2] [3] JET [4] ASDEX Upgrade [5] and MAST [6] ). Most of these studies have been performed in Single Null Diverted (SND) plasma configurations where this technique of Resonant Magnetic Perturbations (RMPs) has been employed to either produce more frequent smaller ELMs (ELM mitigation) or ELM suppression.
However, far fewer studies have been performed on Connected Double Null (CDN) discharges. In DIII-D, although it is possible to suppress ELMs in an ITER similar SND shaped plasma ELM suppression could not be attained in a CDN shape but ELM mitigation was achieved [7] . The only experiment to report ELM suppression in a CDN plasma is KSTAR, where suppression was achieved by applying an n=1 RMP (where n is the toroidal mode number) [8] .
In this paper the results of applying RMPs in an n=3 configuration to two MAST CDN scenarios will be presented. The parameters of these so called scenario 4 and 6 Hmode plasmas, which are routinely used in MAST are given in sections 2 and 3 respectively. The poloidal cross section, together with the location of the internal coils, for these scenarios is shown in Figure 1 . The MAST ELM control system consists of 18 coils in two rows with 6 in the upper row and 12 in the lower row. These coils give considerable enhanced flexibility since they allow improved alignment of the magnetic perturbations with the plasma equilibrium. In addition to the n=3 configurations called "even" (where the currents in the upper and lower coil at the same toroidal location have the same sign) or "odd" parity (the currents in the upper and lower coil have opposite sign), 30L and 90L degree configurations are also possible i.e. where the current in the upper coil has the same sign as a lower coil at a toroidal location displaced by 30 or 90 degrees in the toroidal direction. The effects of the alignment of the perturbation with the plasma equilibrium are normally studied by performing either a scan in plasma current or toroidal field (a so called q scan, where q is the safety factor). However, as will be described in section 4, by using all 18 coils it is possible to vary the ratio of the current in neighbouring coils in the lower row to change the angle of the applied perturbation while keeping the plasma equilibrium constant.
Effect of RMPs on a scenario 4 discharge
The scenario 4 discharge is based around a neutral beam heated CDN discharge with I P = 750 kA, B T = 0.55 T, β N~ 3.8 (where β N is the normalised plasma pressure) and q 95 = 5.4, which has a larger radius than is usual for MAST discharges. The ERGOS code (vacuum magnetic modelling) [9] has been used to calculate the magnetic perturbations to the plasma due to the application of RMPs. Its implementation on MAST has been previously described in reference [10] . The calculations are performed by adding the vacuum perturbations from the RMP coils to the toroidally symmetric equilibrium reconstructed by EFIT [11] . The equilibrium reconstructions have been constrained using information on the measured pressure profiles and, where available, the pitch angle from a motional Stark effect diagnostic. Previous studies have shown that the uncertainties in the equilibrium have a small effect on the derived parameters [12] .
ERGOS modelling shows that this equilibrium was neither aligned with an even or odd parity configuration of the RMPs, the optimum configuration falling approximately half way between the two cases [6] . However, as q 95 is lowered the modelling shows that in an odd parity configuration of the RMPs the magnetic perturbations become more aligned with the plasma q profile. Previous experiments showed that it was possible to increase the ELM frequency and decrease the ELM energy during the application of RMPs by reducing the q 95 of the plasma in line with the ERGOS calculations [6] . In the shot with q 95 = 5.4, the n=3 RMPs in an odd parity configuration had no effect, whilst for the shot with q 95 = 4.9 a drop in density was observed followed by an increase in ELM frequency [6] .
The installation of the 6 lower coils in MAST means that rather than adjusting the plasma equilibrium to match the applied perturbation it is possible to choose a configuration of the coils which best matches the equilibrium. In the case of the baseline scenario 4 plasma this is a 90L configuration of the coils (one in which the current in the upper coil has the same sign as a lower coil at a toroidal location displaced by 90 degrees in the toroidal direction). 
where B  is the total field vector and ϕ is the toroidal angle [13] . Superimposed on the spectra are the locations of the q=m/3 rational surfaces. The applied perturbation is resonant (i.e. the rational surface locations are well aligned with the peaks in the applied perturbation) for this configuration of the coils. The maximum value of the normalised radial field component (b r res ) for these shots is 0.65x10 -3 . Figure 3c shows the target D α time trace for the baseline shot that does not have the RMPs applied, which has a type I ELM frequency of ~ 100 Hz and an approximately constant line average density ( Figure 3b ). This baseline scenario has no gas puffing from 180ms and the refuelling is coming from recycling from the targets and the residual neutral density in the vessel. Figure 3d shows the D α trace where a rapid burst of ELMs at 265 ms results in a density pump out (Figure 3b ) shortly after the current in the ELM coils reaches it maximum value of 5.6kAt. Following the reduction of the density the plasma attains a stable state with high frequency (~4000 Hz), small ELMs. The density and electron temperature profiles before, during and after the density pump out event have been measured by a Thomson scattering system ( Figure 4 ). During the density pump out there is a drop in the edge density but little effect on the electron temperature across the whole profile or in the core density. In the rapid ELM-ing phase the density pedestal has reduced significantly from 3.8x10 19 m -3 to 1.3x10 19 m -3 , while the pedestal electron temperature has remained constant at ~ 150 eV, the core density and temperature actually rise during this period but the plasma stored energy decreases from 110 kJ to 90 kJ. The pedestal collisionality (ν e * ) drops from ν e * ~ 2 in the type I ELM period to ν e * ~ 1 in the rapid ELMing phase.
In order to try to recover the loss in density a gas puff of 3x10 21 D 2 s -1 has been applied such that it should start to refuel the plasma from ~ 300 ms onwards. The application of this gas puff produces a transition from the high frequency ELMs to a regular low frequency type I ELM-ing regime ( Figure 3e ) and a recovery in the density (Figure 3b) , which is mainly due to a recovery of the density pedestal (Figure 4a ), from ~ 340 ms onwards. If this gas puff is applied continually throughout the H-mode period the density pump out and transition to small high frequency ELMs can be removed altogether ( Figure   3e ) i.e. it appears only to be the reduction in density that is responsible for the smaller high frequency ELMs. It should be noted that in the refuelled case there are a number of double or compound ELMs (at 282 and 290ms for example), which are not observed in the shot without RMPs. On DIII-D, in lower single null discharges, the application of a continuous deuterium gas puff in the divertor region to a previously ELM suppressed discharge leads to small grassy ELMs appearing as the pedestal density is increased [14] . At higher gas puff rates large compound type I ELMs appear that have similar characteristics to those observed in Figure 3e . For the DIII-D case the result is explained as being due to a change in collisionality, with ELM suppression only being established for ν e * <0.2 [14] . In these MAST discharges ν e * >1.0, which may explain why full suppression is not observed.
In order to investigate if the small ELM period observed in MAST is just a consequence of the reduction in density, a shot has been designed in which the initial fuelling is reduced to such a point that the plasma just has sufficient density to attain Hmode at the input power used (3.4 MW). Figure 5c shows the D α time trace for this low density shot. After the transition to H-mode at 230 ms there are a few large ELMs followed by a period (from 250 to 280 ms) of small high frequency ELMs. Although the ELM frequency is not as high as in the case where the RMPs are applied (2.5 kHz compared to 4 kHz) the characteristics are sufficiently similar to confirm that these small ELMs are due to the reduction in density. As the density increases (from 280 ms onwards) larger ELMs reappear. Previous studies of this low density discharge [15] have identified the small ELMs as being type IV in nature (i.e. the low collisionality branch of type III ELMs) and a peeling ballooning stability analysis revealed that the edge parameters associated with these ELMs lie in a completely ideal MHD stable region, suggesting that they are associated with a resistive MHD stability [15] .
The density pump out event appears to be associated with the triggering of a burst of high frequency ELMs but it is not clear if this is cause or effect. Figure 6 shows the radial profiles of the lower divertor target heat flux measured by infrared thermography at four times during shot 26848. Figure 6a shows the profile at 0. Locked modes are normally identified on MAST using saddle coils which are located on the vessel wall but due to the characteristics of the wall a locked mode lasting less than 2 ms would not be detected. Similarly there is no evidence for a change in the plasma rotation measured using the charge exchange system, but since this measurement integrates over a 5ms period it may also not detect a short lasting locked mode. Further experiments will be performed in future campaigns to try to identify the cause of the density pump out but since the ELMs are only mitigated while the density is reduced it would seem that this is not a valid ELM mitigation scenario to pursue.
Sustained ELM mitigation in a scenario 6 discharge with RMPs in an n=3
even parity configuration
The scenario 6 discharge is based around a neutral beam heated CDN discharge with I P = 550 kA, B T = 0.585 T, β N~ 4.0, q 95 = 6.8 and an outer plasma radius of 1.44 m. This shot is continually fuelled using a high field side (HFS) mid-plane gas puff. In order to test the sensitivity of the ELM frequency to the alignment of the applied perturbation with the pitch of the equilibrium magnetic field a scan in q 95 has been performed. The vacuum modelling calculations shown in Figure 8b suggest that if the q 95 was increased to ~7.6 the alignment, especially towards the edge region of the plasma, could be improved. Since this scenario is already using the maximum toroidal field the only way to increase the edge safety factor is to reduce the plasma current. Figure 10c shows the target D α time trace for a shot with I P = 500 kA that does not have the RMPs applied, which has an ELM frequency of ~ 125 Hz. The outer radius of the plasma is R OUT =1.48 m, and q 95 = 7.6. The peak stored energy in this shot is reduced to 70 kJ and the lower value of β Ν = 3.8 means that a tearing mode is not triggered and the shot continues after 0.3 s. The application of the RMPs with I ELM = 5.6 kAt in an even parity configuration, Figure 10d , produces an increase in ELM frequency to f ELM ~ 930 Hz (i.e. a factor of ~7.5 increase over the natural ELM frequency) and a reduction in stored energy to 60 kJ and β N =3.2. Figure 9c shows the mitigated ELM frequency (f mit ) as a fraction of the natural ELM frequency (f natural ) as a function of q 95 for plasmas with R OUT =1.48 m, which
shows that for the range of q 95 explored (6.8 -7.6) ELM mitigation can be established and the largest increase in ELM frequency was obtained for q 95 =7.6.
Scans in line average density were also performed but the optimum density, which is the one that produced the largest increase in ELM frequency, was the one shown in Figure 10 .
Vacuum and plasma response modelling of the increase in ELM frequency
In order to investigate if the changes in ELM frequency observed can be correlated with parameters determined from vacuum modelling the ERGOS code [9] has been used to calculate the maximum value of the normalised radial field component (b r res ) for all the shots considered. Figure 11 shows that in all cases, ELM mitigation is observed when [20] . However, since a threshold in q 95 was not observed a similar conclusion can not be drawn from that data.
Calculations have been performed using the MARS-F code, which is a linear single fluid resistive MHD code that combines the plasma response with the vacuum perturbations, including screening effects due to toroidal rotation [21] . [22] . In these studies it was observed that a density pump out in L-mode or ELM mitigation in H-mode only occurred when the displacement at the X-point was larger than the displacement at the mid-plane. and ξ scale linearly with the current in the RMPs, there is not a simple analytical scaling between the two quantities. This is because the magnitude of the plasma displacement depends on both the resonant and non-resonant components of the applied field and the poloidal location of the peak in the displacement is due to what response is excited in the plasmas (either peeling-tearing or kink-like) [22] , which depends on the underlying plasma equilibrium.
The toroidal rotation velocity (V φ ) has been measured in these Scenario 6 discharges as a function of time using a charge exchange recombination spectroscopy system. Figure   13 shows the radial profiles of V φ as a function of time for the shots shown in Figure 7 .
There is a slight modification of the rotation profile near the edge of the plasma (R= 1.2- This is in sharp contrast to what was observed when the RMPs were applied in an n=3 configuration to the LSND discharges [20] , where a strong braking of the toroidal rotation was observed. This braking was so severe that it produced a back transition to Lmode before any sustained ELM mitigation could be achieved. The quasi-linear MARS-Q code [23] has been used to simulate the RMP penetration dynamics and the toroidal rotation braking for both the LSND and CDN shots. As was reported in reference [20] the simulations showed that a full damping of the toroidal rotation, which is initially due to the × torque on the core of the plasma. These differences will be explored further in future modelling and experimental studies.
Plasma parameter range explored and effect on ELM size
While clear ELM mitigation has been observed in these shots, ELM suppression has not been established despite a large range of plasma parameters being scanned. On DIII-D ELM suppression has been observed when the pedestal collisionality (ν e * ) is < 0.3 [3] or > 2.0 [2] . While on ASDEX Upgrade the suppression of type I ELMs is associated with a plasma density expressed as a fraction of the Greenwald density (n GW ), with suppression being observed for n e /n GW >0.53 [24] . For the MAST CDN discharges considered here the collisionality range scanned is shown in Figure 15a and the density as a fraction of the Greenwald density is shown in Figure 15b . The data overlaps with both the high collisionality region for DIII-D and the n e /n GW region required for suppression on ASDEX Upgrade. However, the ranges stated above are for SND plasmas on both devices and suppression in CDN discharges has not been reported on either. In fact, on DIII-D ELM suppression was not achieved in low collisionality CDN discharges [7] . The only machine to report ELM suppression in CDN discharges is KSTAR [8] , which used RMPs in an n=1 configuration to suppress ELMs in discharges with collisionalities in the range 0.5-1.0.
Hence there does not appear to be a unique range that ensures ELM suppression in CDN discharges.
Turning to the effect that the increased ELM frequency has on the ELM size and peak heat fluxes to the target. Figure 16a shows a plot of the energy loss per ELM (∆W ELM ), derived from the change in plasma stored energy calculated by the EFIT equilibrium code [11] , versus f ELM for the natural and mitigated ELMs. The application of the RMPs produces an increase in f ELM and corresponding decrease in ∆W ELM consistent with f ELM .∆W ELM = const (represented by the solid curve in Figure 16a ). Not only does the total energy lost per ELM decrease but so does the number of particles. The change in plasma density due to an ELM expressed as fraction of the pre-ELM pedestal density has a mean value of Δn e /n e ped = 0.04 for the natural ELMs, which decreases to 0.02 at the highest ELM frequencies (Figure 16b ).
In order to avoid damage to in-vessel components in future devices, such as ITER, it is the peak heat flux density at the divertor that is important rather than the actual ELM size. The divertor heat fluxes on MAST have been measured using infrared thermography. Figure 16c shows the peak heat flux density at the target (q peak ) as a function of ∆W ELM .
The increase in ELM frequency and decrease in ∆W ELM does lead to reduced heat fluxes at the target, although it also results in a smaller wetted area at the target meaning that the reduction in q peak is not the same as the reduction in ∆W ELM . The mitigated and natural ELMs follow the same trend and show that a reduction of a factor of 3 in ∆W ELM (i.e. from 6 to 2kJ) produces a reduction in q peak of 2.6 (from 9 to 4.3 MWm -2 ). A similar weaker than linear decrease in the divertor hear flux with increasing ELM frequency has also been observed during mitigated ELMs on JET [18] . In order to make extrapolations over a wider range it will be important to understand what happens at very small energies, since the extrapolation based on the present data would indicate a peak heat flux of ~ 2 MWm -2 for ∆W ELM = 0, to be compared to the typical inter-ELM peak heat fluxes of ~ 0.5 MWm -2 .
Effect of the RMPs on the pedestal and ELM stability
The pedestal electron density and temperature characteristics have been measured using a
Nd YAG Thomson Scattering (TS) system. The application of the RMPs in an n=3 even parity configuration causes a toroidally local outward movement of the plasma edge of ~10 mm with respect to the RMP off case. The pedestal evolution in the inter-ELM period is similar in both the RMP on and off case with both the pedestal density and width increasing during the inter-ELM period [25] . The difference is that in the RMP applied case this evolution is terminated sooner due to the increase in ELM frequency. Throughout the inter-ELM period the pedestal width is also larger in the RMP applied case, which results in a lower pedestal pressure gradient.
The radial pedestal profiles for a shot with I P =500 kA without RMPs and with RMPs in an n=3 even parity configuration, both obtained in the last 10 % of the ELM cycle, are shown in Figure 17a , b and c for the electron density, temperature and pressure gradient respectively mapped onto normalised flux, using the unperturbed equilibrium. In radial space a shift of the pedestal profile is observed of the order of ~1cm due to the application of the RMPs. To compensate for this displacement when mapping to poloidal flux, the profiles have been aligned using a constraint based on the power crossing the Last Closed Flux Surface (LCFS) that sets the electron temperature at the LCFS to be ~40 eV.
A clear drop is observed in the pedestal density but little change in the electron temperature and the peak pedestal pressure gradient reduces.
A stability analysis has been performed on these discharges using the ELITE stability code [26] . The procedure used to analyse the edge stability in MAST has been described in [27] . It consists of reconstructing the equilibrium using the kinetic profiles obtained from the TS system as constraints and assuming that T i = T e . The edge pressure gradient is then varied at a fixed current density and the edge stability evaluated using ELITE [26] . Figure 18 shows the stability boundary and the experimental point in a plot of peak edge current density (j φ ) versus normalised pressure gradient (α) for the discharge without
RMPs and for the discharge with the RMPs in an n=3 even parity configuration. The results
show that for the discharge without RMPs the experimental point lies on the boundary of the region unstable to peeling-ballooning modes, a trait often associated with type I ELMs.
However, for the point with RMPs the analysis predicts that such a discharge would be stable to peeling-ballooning modes and so it is not apparent why the ELM frequency should be higher in such a discharge. ELMs are also triggered in this stable region during application of RMP in SND plasmas in MAST and it has been proposed [28] that the mechanism for degrading the peeling-ballooning stability boundary is the presence of 3D perturbations to the plasma equilibrium.
Effect of changing the pitch angle of the magnetic perturbation
The traditional way of trying to identify a resonant window for the effect of RMPs is to keep the applied RMP field fixed while changing the plasma equilibrium, typically by performing a q 95 scan. This technique has been useful for identifying resonant windows for ELM mitigation on JET [4] and ELM suppression on DIII-D [3] but it has the disadvantage that by performing the scan in q 95 scan other plasma parameters are changed. In an n=3
configuration MAST can exploit a unique capability allowed by having 12 coils in the lower row. If the current is kept fixed in the 6 upper coils, then by operating the lower coils in pairs and by varying the relative current in the pair the pitch angle of the applied field can be changed. This allows a resonance condition to be studied without changing the underlying plasma parameters. Table 1 shows the coil currents used on a series of repeat scenario 6 plasmas with a plasma current of 600 kA and an outer radius of 1.47 m. The current in the coil pairs has been arranged such that the combined value summed in quadrature is equal to that in the upper coils. Since all 18 coils have to be powered at some stages in the scan, the voltage limitations of the power supplies mean that the maximum current that can be produced is 1 kA (4 kAt). 
Summary and discussion
RMPs in an n=3 configuration have been applied to two type I ELMing H-mode scenarios, which are in a CDN magnetic configuration in MAST. In a low fuelled version of the scenario 4 discharge the RMPs cause a density pump out, which is followed by a small ELM regime. However, the small ELM regime is a consequence of the lower density and refuelling these discharges leads to a return to type I ELMs. The application of the coils to a scenario 6 discharge that is constantly fuelled leads to sustained ELM mitigation, without a dramatic pump out event. The reason for the difference in behaviour between these two discharges is not understood. However, it may be related to the different gas puffing location in the two discharges. The discharge in which ELM mitigation is observed uses a toroidally localised gas puff located at the high field side (HFS) midplane whilst the shot where mitigation is not observed uses a toroidally distributed gas puff located again at the but this time in the X-point region. On DIII-D application of a gas puff in the divertor region also led to a loss of ELM suppression [14] . To test if the location of the gas puff is important for ELM mitigation studies will the performed in the next campaign on MAST by swapping the gas puff location between the two plasma scenarios.
In the scenario 6 discharges the ELM frequency increases by up to a factor of 8.5
with a similar reduction in ELM energy loss. A reduction in ELM size by a factor of 3 leads to a decrease in the peak heat flux by a factor of 2.6. ELM mitigation has been observed for the whole range of shots covered (0.3 < ν e * < 2.8, 0.3 < n e /n GW < 0. An edge stability analysis shows that the application of the RMPs move the experimental point from a region unstable to peeling-ballooning modes to a stable region.
So in such a 2D analysis it is not apparent why the ELM frequency should be higher in the discharges with RMPs. However, during the application of the RMPs the plasma edge takes on 3D distortions, which as was discussed in [28] degrade the peeling-ballooning stability boundary and hence result in more frequent ELMs.
A scan in q 95 produces a change in ELM frequency in both shots with and without 
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